In heart failure, Ca/calmodulin kinase (CaMK)II expression and reactive oxygen species (ROS) are increased. Both ROS and CaMKII can increase late I Na leading to intracellular Na accumulation and arrhythmias. It has been shown that ROS can activate CaMKII via oxidation.
even after Ca/CaM dissociation. 14 It is known that expression and activity of CaMKII are increased in heart failure (HF), and we have shown that transgenic CaMKII␦ overexpression results in left ventricular dysfunction 15 and arrhythmias, 13 whereas CaMKII␦ inhibition/knockout was shown to prevent cardiac remodelling and heart failure. 16 -18 It has been recently shown that ROS oxidize methionine 281/282 at the regulatory domain of CaMKII, and oxidized CaMKII has properties equivalent to autophosphorylated CaMKII 9 in mediating angiotensin-induced apoptosis 9 and ROS-induced afterdepolarizations. 19 Moreover, there is evidence that Ca/CaM-CaMKII interaction is a prerequisite for ROS-dependent oxidation of CaMKII, 9 and ROS have been shown to directly induce sarcoplasmic reticulum (SR) Ca release via thiol oxidation of the ryanodine receptor 2 (RyR2). 20 Thus, we hypothesized that (1) ROS-activated CaMKII␦ is responsible for the observed ROS effects on late I Na ; and (2) Ca released from SR Ca stores is involved in the ROSdependent CaMKII activation process.
The results of the present study show that H 2 O 2 -induced augmentation of late I Na requires CaMKII␦, and the consequent cellular Na and Ca overload was significantly slowed in myocytes lacking CaMKII␦. Moreover, we show that the H 2 O 2 -dependent CaMKII activation requires a functional SR. Finally, we establish CaMKII␦ as an important mediator of H 2 O 2 -dependent arrhythmogenesis and cellular death injury.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
CaMKII␦ Knockout Mice and CaMKII␦ Overexpression in Rabbit Myocytes
Ventricular myocytes were isolated from CaMKII␦ knockout mice (CaMKII␦ Ϫ/Ϫ ) 17 and wild-type (WT) littermates. For CaMKII␦ overexpression, isolated rabbit ventricular myocytes were transfected with CaMKII␦ C adenovirus (␤-galactosidase [␤Gal] as control). 5, 13, 21 
Patch-Clamp Experiments
Ruptured-patch whole-cell voltage-clamp or current-clamp was used to measure I Na or membrane potential, respectively. Myocytes were held at -120 mV and I Na was elicited using a train of pulses to Ϫ20 mV. APs were continuously elicited by square current pulses of 1 to 2 nA amplitude and 1 to 5 ms duration at basic cycle length (BCL) of 2 seconds.
Data Analysis and Statistics
All data are expressed as meansϮSEM. For longitudinal data, 2-way repeated measures analysis of variance (ANOVA) was run; otherwise, Student's unpaired t test or 1-way ANOVA with Student-Newman-Keuls multiple comparison was used. Double-sided probability values of Ͻ0.05 were considered significant.
Results H 2 O 2 -Dependent CaMKII Activation Requires Functional SR Ca Stores
CaMKII autophosphorylation at serine 287 (p-CaMKII) and oxidation at methionine 281/282 (ox-CaMKII) were assessed using Western blotting in lysates of myocytes exposed to H 2 O 2 (Figure 1 ; Online Table I ). Increasing cytosolic [Ca] to 1 mol/L significantly increased p-CaMKII levels and inhibition of catalytic CaMKII activity using autocamtide 2-related inhibitory peptide (AIP) reversed this activation. In myocytes exposed to H 2 O 2 , p-CaMKII and ox-CaMKII levels increased in a concentration-dependent manner (40 versus 200 mol/L H 2 O 2 ) and AIP significantly reduced H 2 O 2induced autophosphorylation but not oxidation of CaMKII. This suggests that CaMKII oxidation is accompanied by a significant autophosphorylation of CaMKII. Interestingly, when SR Ca stores were depleted using caffeine and thapsigargin (THA), both H 2 O 2 -dependent oxidation and autophosphorylation of CaMKII were prevented. This suggests that Ca derived from SR Ca stores is required for substantial H 2 O 2dependent CaMKII activation to occur. To further investigate the Ca-dependency of CaMKII oxidation, permeabilized myocytes were bathed in a mock intracellular solution, in which Ca was heavily buffered (5 mmol/L BAPTA/1 mmol/L Br 2 -BAPTA). Figure 2 and Online Table I Figure 3D ; 30 seconds of H 2 O 2 ). SR Ca sparks were also measured in intact mouse myocytes during electric field stimulation. Under baseline condi-tions, very few Ca sparks were detected ( Figure 4 ). Similar to permeabilized myocytes, 200 mol/L H 2 O 2 increased CaSpF but reduced Ca spark amplitude. The resulting SR Ca leak was markedly (Ϸ15-fold) increased ( Figure 4A through 4C). This was accompanied by reduced SR Ca load ( Figure 4D ). Notably, inhibition of CaMKII (KN93) did not influence the H 2 O 2 -dependent changes in CaSpF, SR Ca leak or SR Ca load, although Ca spark amplitude was slightly reduced ( Figure 4A through 4D). These results indicate that the H 2 O 2 -induced SR Ca leak does not require CaMKII.
CaMKII Is Required for H 2 O 2 -Enhanced Late I Na
Our group and others have shown previously 6,10,23,24 that ROS enhance late I Na , and CaMKII exerts a strikingly similar effect. 6, 13 To test whether H 2 O 2 -activated CaMKII is required for the effects of ROS on late I Na , the current was measured in myocytes from WT and CaMKII␦ Ϫ/Ϫ mice ( Figure 5A ). At baseline, no significant difference in late I Na integrals was detected between the 2 groups ( Figure 5B and the Table) . When WT myocytes were exposed to H 2 O 2 , a significant time-dependent increase in the late I Na integral, nearly doubling at 12 minutes after H 2 O 2 treatment, was observed. This increase was absent in myocytes lacking CaMKII␦ ( Figure  5A and 5B; Table) . Consistent with this, adenoviral CaMKII␦c overexpression in rabbit myocytes exhibit signif- icantly more late I Na at baseline and larger H 2 O 2 -dependent late I Na increase (versus ␤Gal), both of which are prevented by AIP ( Figure 5C and 5D; Table) . In control myocytes, baseline late I Na was not affected by AIP, which suggests that baseline CaMKII-induced late I Na is negligible.
Low concentrations of the Na channel blocker tetrodotoxin (TTX) (1 mol/L), which only slightly reduce peak myocyte I Na , significantly reduced late I Na at baseline (Table) . Moreover, this TTX concentration abolished the H 2 O 2 -induced increase in late I Na .
H 2 O 2 -Induced Na and Ca Overload Is Mediated via CaMKII
In WT myocytes (stimulated at BCL 2 seconds), H 2 O 2 increased [Na] i time-dependently, but this increase was much lower in CaMKII␦ Ϫ/Ϫ myocytes ( Figure 6A and 6B; Online  Table II ). Similarly, the H 2 O 2 -induced increase in diastolic [Ca] i was markedly reduced in CaMKII␦ Ϫ/Ϫ myocytes (versus WT; Figure 6F ; Online Table II ). In WT myocytes, the addition of reverse-mode NCX inhibitor KB-R7943 significantly blunted the H 2 O 2 -induced increase in diastolic [Ca] i ( Figure 6F ; Online Table II) . Likewise, CaMKII␦ C overexpression enhanced H 2 O 2 -induced increases in [Na] i and diastolic [Ca] i significantly (versus ␤Gal), and KN93 slowed [Na] i and [Ca] i rise in both CaMKII␦ C overexpressing and control myocytes ( Figure 6A , 6C, and 6G). KN93 can also reduce I Ca,L availability. The analog KN92 (which does not inhibit CaMKII) shares this effect, 25 but does not protect from H 2 O 2 -induced arrhythmogenesis. 19 To control for possible I Ca,L effects of KN93, experiments were also done with KN92, which did not alter the H 2 O 2 -induced increase of [Na] i and diastolic [Ca] i (Online Table II ). Of note, at baseline there was no difference in [Na] i and diastolic [Ca] i between WT and CaMKII␦ Ϫ/Ϫ myocytes, or in control-transfected rabbit myocytes in the presence of KN93. This is consistent with the late I Na data, arguing against an important role for CaMKII in the basal regulation of cellular Na and Ca homeostasis (Online Table II ). Interestingly, at baseline, CaMKII␦ C overexpression significantly increased [Na] i (reversible with KN93) but did not significantly alter diastolic [Ca] i (Online Table II ).
To further investigate the importance of late I Na for H 2 O 2 -induced increase in [Na] i we conducted quantitative Na influx measurements in the presence of the Na/K ATPase (NKA) inhibitor strophanthidin ( Figure 6D and 6E). TTX (1 mol/L) was used to specifically block Na influx via I Na . At baseline, the TTX-sensitive Na influx was not different between WT and CaMKII␦ Ϫ/Ϫ myocytes, in accordance with our late I Na data. The addition of 200 mol/L H 2 O 2 increased the TTX-sensitive Na influx nearly threefold in WT but not in CaMKII␦ Ϫ/Ϫ myocytes ( Figure 6E ) again consistent with our late I Na measurements (Table) . These data are further supported by experiments using the late I Na inhibitor ranolazine (RAN). RAN significantly reduced the H 2 O 2 -induced gain in [Na] i and diastolic [Ca] i after CaMKII␦ C overexpression, but also in control (␤Gal; Figure 6A ; Online Table II) . Interestingly, RAN also reduced [Na] i and diastolic [Ca] i before H 2 O 2 exposure (Online Table II ), consistent with a relevant TTX-sensitive Na influx at baseline ( Figure 6E) .
To test the hypothesis that ROS-mediated SR Ca release is required for CaMKII activation leading to [Na] Table I. control-transfected myocytes, in line with our data in permeabilized myocytes showing no significant reduction of CaM-KII activity with caffeine/THA at baseline. This supports the concept that baseline CaMKII activity is low and reduction of SR Ca release does not further reduce its activity.
H 2 O 2 -Induced Arrhythmias and CaMKII
To test whether CaMKII inhibition could prevent ROSinduced arrhythmias, mouse myocytes were exposed to H 2 O 2 and membrane potential or sarcomere length were continuously monitored. H 2 O 2 significantly prolonged action potential duration and depolarized the diastolic membrane potential in WT but not in CaMKII␦ Ϫ/Ϫ myocytes ( Figure 7A through 7C). At baseline, there was regular rhythmic activity for both WT and CaMKII␦ Ϫ/Ϫ . The addition of H 2 O 2 induced early afterdepolarizations (EADs) and delayed afterdepolarizations (DADs) ( Figure 7D ), as well as irregular contractile activity ( Figure 7E ). These arrhythmias were significantly more frequent and more severe in WT versus CaMKII␦ Ϫ/Ϫ ( Figure   7D and 7F). Cellular Ca overload results in the development of hypercontracture, 5 which is a permanent reduction (Ͻ50%) of longitudinal cell length attributable to a persistent activation of myofilaments. Kaplan-Meier analysis ( Figure 7G ) revealed that myocytes lacking CaMKII␦ were more resistant to ROS-induced hypercontracture.
Discussion
We investigated the mechanisms by which the exposure of H 2 O 2 enhances late I Na in isolated ventricular myocytes. We found that: (1) ROS-activated CaMKII␦ is required for late I Na augmentation, which was abolished in the absence of CaMKII␦ expression; and (2) ROS-induced SR Ca release is a prerequisite for ROS-dependent CaMKII activation, based on the observation that the latter was inhibited after SR depletion with THA and caffeine.
These novel findings add to the growing body of evidence that CaMKII is activated under pathophysiological conditions being involved in signaling cascades that lead to dysregula- tion of cellular Na and Ca homeostasis, increased arrhythmogenesis, and ultimately cell death.
The Role of the SR Ca Stores in ROS-Dependent CaMKII Activation
In a fundamental study, Erickson et al have shown that ROS oxidize CaMKII at methionine 281/282, and this oxidation renders CaMKII autonomous of Ca/CaM levels similar to autophosphorylation at threonine 287. 9 Direct oxidation of the kinase also produces a secondary increase in the fraction of autophosphorylated subunits. 27, 28 We showed here that exogenous H 2 O 2 applied to permeabilized myocytes increased CaMKII oxidation and autophosphorylation. We also showed that oxidation and autophosphorylation critically depend on free cytosolic Ca levels. Without free [Ca] i , no significant H 2 O 2 -dependent CaMKII oxidation or autophosphorylation was observed ( Figure 2 ). This is in accordance with the concept that H 2 O 2 requires initial interaction of Ca/CaM with CaMKII to expose the oxidation and autophosphorylation sites of CaMKII. 9 Moreover, we showed that a free 19 On the other hand, Palomeque et al showed that neither extracellular application of 1 mol/L BAPTA-acetoxymethylester in cultured myocytes nor zero Ca-EGTA used for an in vitro phosphorylation assay were sufficient to inhibit H 2 O 2 -induced CaMKII autophosphorylation. 28 Methodological differences may account for this discrepancy: although it is likely that BAPTA was properly loaded into their cultured myocytes, its concentration may not be sufficient to avoid very fast localized increases of [Ca] i . Also, the isoosmotic homogenization buffer of their in vitro assay contained no detergent, thus leaving functional SR vesicles in the phosphorylation reaction. This suggests that SR Ca release may be involved in the rapid localized increases of free [Ca] i required for H 2 O 2 - 27 Therefore, an SR-dependent mechanism appears to be required for ROS-dependent oxidation of CaMKII.
It has been shown that thiol-oxidizing agents like H 2 O 2 activate RyR Ca release after oxidation of more than seven thiols per subunit. 20,29 -32 In line with this, we show here that H 2 O 2 immediately increased CaSpF and SR Ca leak. The SR Ca load was reduced, which may be a consequence of an increased SR Ca leak and/or inhibition of SERCA, 33, 34 and may account for the observed reduction in Ca spark amplitude. Because activated CaMKII is known to phosphorylate RyR2, thereby increasing CaSpF, 26 
ROS Enhance late I Na via CaMKII Activation
ROS have been shown to acutely enhance late I Na , leading to AP prolongation and EADs. 6, 24, 35 To date, the mechanism of ROS action on Na channels is not fully understood. Changes in the lipid environment 24 or oxidation of multiple methionine residues of the channel may be responsible. 36 Here we show that the acute H 2 O 2 -dependent increase in late I Na was absent in myocytes with genetic knockout of CaMKII␦. Furthermore, subacute adenoviral CaMKII␦ C overexpression enhanced whereas acute CaMKII inhibition with AIP slowed the H 2 O 2 -induced increase of late I Na . Therefore, although redox modification of the Na channel or the lipid environment cannot be completely excluded, the dominating mechanism here involves acute CaMKII␦ activation.
We have shown that CaMKII can phosphorylate cardiac Na channels ␣ isoform (Na V 1.5). 13 Aiba et al showed that CaMKII phosphorylates the I-II linker but also to a lesser extent the C-terminus. 37 Hund et al found that CaMKII phosphorylates serine 571 in the I-II linker contributing to altered I Na gating. 38 Although phosphorylation does occur, ROS-activated CaMKII may also regulate late I Na independent of its catalytic activity, as it was shown for oxidationdependent facilitation of I Ca,L . 27 Because the cardiac Na channel is a macromolecular complex, CaMKII interaction with proteins of this complex could result in altered Na channel gating. For example, coexpression of Na V 1.5 with cardiac ␤ 1 but not ␤ 2 subunit increased late I Na , 39 and it may be possible that oxidized CaMKII is involved in the interaction of ␣ and ␤ subunits. Beside CaMKII, protein kinase (PK)A and PKC are known to regulate Na channel gating. ROS have been shown to oxidize PKA regulatory subunit I, resulting in PKA translocation and activation. 40 PKA increases peak I Na current density via acceleration of channel trafficking to the plasma membrane, 41 but does not change inactivation kinetics. 42, 43 Mild oxidative stress has also been shown to activate PKC. 44 The redox regulation of PKC is very specific for different isoforms and different cell types. Ward and Giles showed that the H 2 O 2 -dependent slowing of I Na open state inactivation was blocked in the presence of the PKC inhibitor Bisindolylmaleimide. 10 In heterologous expression systems (rat and human Na V 1.5), however, PKC activation did not change I Na inactivation. 45, 46 The most consistent effect of PKC on cardiac Na channels is a reduction in peak I Na current density. 47
Cellular Na and Ca Accumulation
The present study shows that ROS-induced Na and Ca overload are blunted in myocytes lacking CaMKII␦. We also show that SR Ca unloading with THA similarly reduces ROS-induced Na and Ca overload, suggesting that the CaM-KII activation depends on SR function. These data suggest that CaMKII␦ is critically involved in ROS-induced [Na] i and [Ca] i overload. Quantitative Na influx measurements showed that TTX-sensitive Na entry is markedly increased by ROS exposure in WT but not in CaMKII␦ Ϫ/Ϫ myocytes and the late I Na blocker RAN slowed the development of Na and Ca overload, thus suggesting that ROS-induced Na entry is mediated via Na channels. This is in line with data from us and others. 6, 8, 48 We propose that the increase in [Na] i precedes the major rise in [Ca] i because reduction of extracellular [Na] or application of Na channel blockers slows the rise in [Ca], 8 and inhibition of reverse mode NCX activity with KB-R7943 significantly blunts Ca overload in the present study. However, because RAN did not completely abolish the increase in [Na] i and [Ca] i , other mechanisms may also be involved. For example, ROS can significantly impair NKA function, 49 reduce SERCA2 activity and L-type Ca current (I Ca,L ), 50 and increase NCX activity. 51, 52 To further understand these mechanisms we used numeric simulations of the cardiac action potential and Na and Ca handling. 53 Incorporation of the measured ROS-induced late I Na into the model led to a rise in [Na] i less than 1 mmol/L (Online Figure I, A: a versus b) , much less than measured experimentally. ROS may also (via CaMKII) increase diastolic TTX-sensitive Na influx, as reported in HF myocytes. 54 Increasing background Na conductance can bring the model to match the measured [Na] i (Online Figure I, A, c) , but inclusion of ROS-dependent NKA inhibition 49 limits the extent of background Na current that is required to explain the measured [Na] i increase (Online Figure I, A: c versus d ). If we also incorporate the above mentioned ROS-dependent effects on SERCA2a, RyR2, I Ca,L , and NCX function, 50 -52 then the model reasonably mimics the ROS-induced alterations observed here in [Na] i and SR Ca content (Online Figure I, A, B , and C). Three aspects merit comment. First, the elevated [Na] i and reduced Ca transient amplitude is predicted to cause substantial Ca influx via NCX during the action potential (ie, reverse mode NCX; Online Figure I , B and C) and less Ca extrusion during diastole. This is also seen in human and rabbit HF myocytes, which also exhibit elevated [Na] i and reduced Ca transients. 54, 55 This agrees with our results that the NCX inhibitor KB-R7943 suppressed the ROS-induced increase in diastolic [Ca] i (Online Table II ; Figure  6F ), that ROS-induced Ca overload depends on shifts of NCX activity, 56 and that late I Na is responsible for diastolic Ca accumulation in HF where ROS production is augmented. 57 Second, turning off only the late and diastolic I Na simulates reasonably the effects of ranolazine on [Na] i (Online Figure I,  A, 
Arrhythmogenesis
Here, we show that the propensity for ROS-induced EADs/ DADs and cellular arrhythmias were significantly reduced in myocytes lacking CaMKII␦ C , although they were not completely abolished. ROS effects in myocytes are clearly mul-tifactorial, and so are arrhythmogenic mechanisms. Therefore, activated CaMKII may be an important factor for ROS-induced arrhythmias but does not explain all arrhythmias that develop on ROS or in HF. Possible mechanisms that contribute to the electric instability are EADs and DADs. It was shown previously that enhanced late I Na could prolong action potential duration (APD), leading to EADs. 6 Moreover, transient inward I NCX (I ti ), which leads to DADs may results from ROS-induced cellular Ca overload and increased RyR2 open probability. Here, we show that both EADs and DADs develop less often after H 2 O 2 exposure in myocytes lacking CaMKII␦ C . Although the reduction in the propensity for EADs in CaMKII␦ Ϫ/Ϫ myocytes may result from the lack in APD prolongation, less frequent DADs possibly indicate less cellular Na and Ca overload as shown here. The CaMKII␦-dependent increase in late I Na may be responsible for the observed H 2 O 2 -induced APD prolongation. Although ROS can decrease outward currents like I to , 58 CaMKII activation tends to increase I to . 21 In the absence of confounding CaMKII activity (CaMKII␦ Ϫ/Ϫ myocytes), we found that H 2 O 2 did not increase APD, which argues against a significant role for inhibition of I to in APD prolongation caused by H 2 O 2 . Interestingly, H 2 O 2 rendered the diastolic membrane potential more positive increasing the likelihood that depolarizing currents would induce afterdepolarizations. This was not the case in CaMKII␦ Ϫ/Ϫ myocytes. Nevertheless, although we show here evidence that CaMKII may be involved in ROS-induced arrhythmias there was still H 2 O 2 -induced arrhythmogenic activity detectable in CaMKII␦ Ϫ/Ϫ myocytes suggesting that there are CaMKII-independent mechanisms as well. For instance, ROS can directly oxidize RyR2, leading to increased CaSpF. 31 Although the present report establishes a clear mechanistic working hypothesis for the role of CaMKII␦ in ROS-dependent regulation of late I Na and its consequences, further studies are needed that aim at testing these mechanisms in HF.
In summary, we show that CaMKII␦ is required for the H 2 O 2 -induced augmentation of late I Na and secondary changes of [Na] i and [Ca] i . The present results also suggest that ROS-induced SR Ca release may be a prerequisite for ROS-dependent CaMKII activation. In addition, CaMKII␦ appears to be involved in H 2 O 2 -induced arrhythmogenesis. These results are important, because expression and activity of CaMKII have been shown to be increased in HF, 59 -61 where ROS generation is enhanced. 3 In addition, HF is associated with enhanced late I Na , 62 leading to dysregulation of intracellular Na and Ca homeostasis, electric instability, and cell death.
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In HF, intracellular ROS are increased and CaMKII expression and activity is upregulated, contributing to electrical and func-tional remodeling. CaMKII was previously shown to be activated by ROS through Ca 2ϩ -dependent processes, but the origin of Ca 2ϩ remained unclear. In addition, ROS and CaMKII have both been shown to increase late I Na , leading to proarrhythmogenic events, but a mechanistic link was missing. In this study, we show that SR Ca release in required for ROS-dependent CaMKII oxidation and autophosphorylation, which leads to increased late I Na , intracellular Na accumulation and Ca 2ϩ overload. Moreover, ROS-activated CaMKII leads to action potential prolongation and cellular arrhythmias. These results provide novel insights into the Ca 2ϩ dependence of the ROS activation process for CaMKII. Moreover, they highlight the importance of CaMKII for the ROS-induced disturbance of excitation-contraction coupling and arrhythmogenesis. Taken together, the present study suggests ROS-activated CaMKII as a promising new target for the treatment of heart failure.
